Human ileal bile acid-binding protein (I-BABP), a member of the family of intracellular lipid binding proteins plays a key role in the cellular trafficking and metabolic regulation of bile salts.
In addition, the protein has been found to show a high degree of site-selectivity in its interactions with glycocholate (GCA) and glycochenodeoxycholate (GCDA), the two most abundant bile salts in humans. 10 As a result, while in homotypic complexes di-and trihydroxy bile salts occupy both internal binding sites, in the heterotypic complex of I-BABP:GCDA:GCA, they displace each other and selectively occupy site 1 and site 2, respectively. An analogous site-selectivity for di-and trihydroxy bile salts has been reported for the disulfide-containing polymorph (T91C) of chicken liver bile acid-binding protein (cl-BABP). 11 Intriguingly, while in human I-BABP site-selectivity is thought to arise as a result of localized enthalpic effects, NMR relaxation measurements in cl-BABP suggests a possible connection with differences in protein flexibility.
Although no X-ray structure of the 14.2 kDa I-BABP is available yet, NMR spectroscopic investigation of the apo 12 and the holo [12] [13] [14] protein has revealed a topology characteristic of iLBPs. 5 The dominant feature of this is a -clam comprised of two antiparallel five-stranded -sheets and a helix-turn-helix motif. A cavity of ~1000 Å 3 located inside of the -clam hosts two internal binding sites. Additionally, the existence of a third binding site on the protein exterior was proposed recently based on docking calculations and molecular dynamics simulations. 8 The mechanism of ligand entry and exit is not fully understood in I-BABP. In other members of the iLBP family with the same topology, such as fatty acid binding proteins (FABPs), the helical cap region disordered in the apo state is thought to be the main regulator of ligand association/dissociation. [15] [16] [17] Specifically, according to the dynamic portal hypothesis, ligand binding is accompanied by an ordering of the helical cap and the stabilization of the closed state of the protein. Unlike in FABPs, in human I-BABP the two α-helices are well defined in both ligation states and there is no sign of intense motion 18 , raising the possibility of alternative entry/exit mechanisms as it has been suggested for other analogues.
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The internal binding cavity of I-BABP is unusual in the sense that it contains a large number of hydrophilic side chains that are involved in extensive networks of salt bridges and hydrogen bonds. In fact, NMR spectroscopic and mutagenesis studies have identified two hydrogen-bonding networks as a likely way of energetic communication between the two binding sites. 23 More recently, in an NMR relaxation study of the protein backbone, we have detected a µs-ms fluctuation in the unligated protein affecting several -strands and the C-D loop, a motion which ceases upon ligation. 18 Our NMR dynamic measurements with previously obtained kinetic data 24 
MATERIALS AND METHODS
Sample Preparation. The methods used for the expression and purification of 15 N, 13 
in which S B is the backbone conformational entropy and k B is the Boltzmann's constant. 
where S conf is the change in conformational entropy of the protein and the ligand, S rot-trans is the change in the rotational-translational entropy of the system, and S hydr is the entropy change due to the changes in the hydration of the interacting partners.
Relaxation Dispersion Analysis.
Contributions to transverse relaxation rates of conformational exchange were analyzed assuming a two-state exchange process using the alltimescales multiple quantum Carver-Richards-Jones formulation 48 implemented in GUARDD. Table 2 . Generalized order parameters were determined for each of the resonances that could be reliably fit to models 1-5. Although at 283 K and 291 K the majority of the amides could be fit by the simplest model-free formalism using S 2 alone (model 1), substantially more residues required an apparent conformational exchange term (models 3 and 4) to fit their relaxation parameters than previously observed at 298 K. 18 For instance, in the apo protein, the number of residues with R ex > 0 increased from 11 to 22 to 30 as the temperature was decreased from 298 to 291 to 283 K. A similar tendency was found for the holo protein. In the apo protein, the position of the amides exhibiting a conformational exchange according to the model-free analysis generally fell into the regions exhibiting a nonflat dispersion profile in CPMG relaxation dispersion experiments. In the holo protein, as dispersion profiles remained almost exclusively flat, no such agreement was found. We should note though that by modelfree analysis, only about 20-30% of the affected residues showed a R ex exceeding 2 Hz in both states of the protein and less than 10% could be associated with a R ex > 5 Hz. Regarding fast internal motions between 283-298 K, about 20-25% (10-15%) of the assignable ~115 residues required the inclusion of an effective correlation time of τ e (models 2, 4, and 5) in the apo (holo)
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Temperature
protein and about one third of the affected ones had to be fit by the two-time scale spectral density function (model 5). At 313 K, while the holo form behaved according to the description above, in the apo state a substantially larger number of backbone amides had to be fit with a twoor three-parameter model.
To relate the generalized order parameters determined from the model-free analysis to the density of thermally accessible states and local conformational heat capacities of a specific amide bond vector along the sequence, the temperature dependence of S 2 was analyzed. To minimize the inconsistencies with a continuous temperature dependence of S 2 and S B (eq 1) arising from different model selection at different temperatures, if at least at two of the four investigated temperatures FAST Modelfree chose a more complicated model with two or three parameters, the same model was imposed onto the amide at the two remaining temperatures as well. This affected about 30% of the residues in both protein states and resulted in the same motional model across the entire temperature range for nearly 90% of the assignable residues. Figure 5 shows the temperature dependence of 1-S for a few representative backbone amides located in various parts and various secondary structure elements of the protein in apo and holo human I-BABP. Surprisingly, for the vast majority of the residues, the temperature dependence of 1-S appears to be nonlinear indicating ranges of temperature in which the flexibility of amides decreases rather than increases with increasing temperature. In the case of the apo protein, the most general behavior is exemplified by K19 (α-helix) and Y119 (β-sheet).
It includes a more or less steady increase of flexibility with increasing temperature in the range of 280-300 K followed by a leveling off or a slight decrease. Intriguingly, the reverse is observed for many of the amides in the holo state. Specifically, as the temperature rises from 283 K to 291 K to 298 K, a slight decrease in flexibility is detected in the doubly-ligated form followed by an increase in 1-S above 300 K. While for most of the residues fitting of the temperature dependence of 1-S requires a polynom, for about 15% of the amides it maintains a (near) linearity. Most often this occurs in linker or loop regions (e. g. V65, apo; M74, holo), but as exemplified in the apo state by A31 located in the middle of helix-II, occasionally within well-defined segments as well. There is also a fraction of amides for which in the apo form a dramatic increase in flexibility occurs above 300 K. This again is mostly observed in loop regions (e.g. M74), with the exception of two residues in beta-strand E (E68, N70). Upon ligand binding, the sharp increase in 1-S above 300 K disappears in most cases. Figure 6 depicts the value of S 2 mapped on the backbone trace for apo and holo human I-BABP at the four investigated temperatures as obtained using the imposed model selection protocol as described above. The mean values of S 2 at each temperature are listed in Table 2 . In general, the imposed model selection protocol resulted in a slightly smaller mean S 2 than fast model-free but the differences between the complexed and uncomplexed states are nearly the same using both protocols. According to the mean values of S 2 , temperature change in the investigated region of 283-313 K has a somewhat larger effect on the backbone flexibility of apo accompanied by a reduction in the thermally accessible states for the protein backbone.
According to both the mean values of S 2 (Table 2) 
DISCUSSION
For a thorough understanding of protein function and the ability to modulate binding interactions, the intimate relation of protein structure and dynamics needs to be considered.
Human I-BABP is a small but challenging system with two binding sites exhibiting positive cooperativity and site-selectivity in its interactions with structurally diverse bile salts. To improve our understanding of the role of flexibility in human I-BABP function, we used 15 N NMR spin relaxation techniques to characterize the temperature dependence of internal motions occurring in the free and doubly-ligated forms on the μs-ms and ps-ns timescales. Accordingly, a more disordered excited state with a population of a few percent must be present in the apo form.
Besides a likely role in mediating ligand entry, the slow motion involving the G-H and E-F regions in wild-type and disulfide-bridge containing cl-BABP analogues has also been associated with the site-selectivity of ligand binding. 11 Moreover, NMR structural data and molecular dynamics simulations on cl-BABP suggest that conformational flexibility of the G-H region is required for an efficient coupling between the two binding sites. 52 This view is supported by our stopped-flow kinetic studies of the human analogue indicating a role of a conformational change occurring on the time scale of seconds (thereby being distinct from that of mediating ligand entry) in positive binding cooperativity. 24 This raises the possibility that a motion mediating ligand entry in the apo protein is transformed into a different timescale-motion in the ligated form. We note that the recently reported third, superficial binding site in human I-BABP is thought to be involved in an allosteric mechanism of ligand binding and is proposed to have a role in both positive cooperativity and site-selectivity. there is a decrease in variability upon ligation for the entire sequence, at high temperature (~ 313 K) it occurs only at specific regions ( Figure 8 ). We note that a similar nonlinear temperature dependence of backbone ps-ns flexibility was recently observed for the human growth hormone 53 and the glutamine binding protein 54 based on NMR relaxation data.
The sum of the conformational entropy terms determined for individual residues in the two ligation states by NMR relaxation measurements can be used as an upper estimate [46] [47] 55 of the backbone conformational entropy change associated with ligand binding and can be related to macroscopic thermodynamic parameters. According to a previous calorimetric study by Tochtrop et al. 9 , the total entropy change accompanying the binding of a 1:1 molar mixture of GCA and GCDA to human I-BABP at 25 C and conditions similar to the ones we used in our NMR relaxation study is ~ -2.6 cal/(mol K). As for protein-ligand interactions in general, this calorimetrically measurable entropy change arises from different sources (eq 2). Based on theoretical studies of protein folding [56] [57] , the value of backbone conformational entropy change of S conf bb ~ -89 cal/(mol K) determined from our NMR relaxation study at 298 K translates into an overall conformational entropy change of S conf ~ -206 cal/(mol K). By considering rotational-translational entropy changes accompanying ligand binding for protein-ligand interactions of similar size 58 , S hydr of bile salt binding in eq 2 can be approximated as ~254
cal/(mol K). Relying on small molecule thermodynamic transfer data [59] [60] , this corresponds to the release of ~ 200 water molecules, which for a protein with a binding cavity of ~1000 Å 3 , seems reasonable. 61 Tochtrop et al. 9 has also performed ITC experiments to characterize the temperature dependence of the binding interaction for the human I-BABP:GCA complex.
Although due to the strong positive cooperativity of ligand binding, the enthalpy change of the first binding step at lower temperatures (15 and 20 C) has a large ambiguity in their study, the overall trend of the total enthalpy change indicates a nonlinear temperature dependence and similar to our findings a temperature dependent heat capacity in the 10-40 C temperature range.
The decrease in the ps-ns backbone flexibility of apo and holo human I-BABP with increasing temperature as observed in our NMR relaxation study in specific temperature ranges should be caused by intramolecular interactions that increase in strength by increasing temperature. Furthermore, the near concerted response to temperature throughout the entire protein suggests that interactions forming extensive networks between distant protein regions must be responsible for the unusual behavior. Unlike hydrogen bonds, hydrophobic and electrostatic interactions are known to increase in strength with increasing temperature [62] [63] and our data suggest that they likely have a major contribution to protein stability in human I-BABP.
This is supported by a close inspection of the human I-BABP structure revealing a number of possible salt bridges and extensive networks of hydrophobic contacts between different secondary structure elements (Figure 9 and S2).
In conclusion, the analysis of both slow and fast 
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Fig. 10
Salt bridges (A) and hydrophobic contacts (B) in apo human I-BABP. 12 For clarity, only residues involved in contacts between different secondary structure elements are shown in B).
Similarly extensive electrostatic and hydrophobic contacts exist in the holo state [13] [14] ( Figure S2 , Supplementary Information). 
